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ABSTRACT 

A f l u i d i z e d  bed con ta in ing  a c e n t r a l  j e t  was ope ra t ed  wi th  low-temperature 
mel t ing  m a t e r i a l s  t o  o b t a i n  the  r a t e  of agglomera t ion  a s  w e l l  a s  t o  measure the  
tempera ture  d i s t r i b u t i o n  w i t h i n  t h e  f l u i d i z e d  bed. The r a t e  of agglomera t ion  was 
obta ined  as a func t ion  of ope ra t ing  parameters  such a s  tempera ture  and v e l o c i t y .  
The agglomera t ion  r a t e  de f ined ,  as t he  rate of change i n  t h e  number of p a r t i c l e s  of 
a p a r t i c u l a r  s i z e ,  was determined from t h e  p a r t i c l e  popu la t ion  ba lance  us ing  t h e  
exper imenta l  da t a .  

The agglomera t ion  model developed t o  p r e d i c t  t h e  agglomera t ion  r a t e  cons t an t  
based on t h e  tempera ture  d i s t r i b u t i o n  i n  the  f l u i d i z e d  bed and the  rate of 
en t ra inment  of p a r t i c l e s  i n t o  the  j e t  y i e lded  va lues  f o r  t h e  r a t e  c o n s t a n t s  s i m i l a r  
t o  the  exper imenta l  va lues .  

INTRODUCTION 

Fluidized-bed systems have been used in many c o a l  convers ion  and o t h e r  chemica l  
processes .  The f l u i d i z e d  beds a r e  sometimes opera ted  under agglomera t ing  c o n d i t i o n s  
t o  maximize c o a l  u t i l i z a t i o n .  T h e  ope ra t ing  cond i t ions  in such cases  a r e  chosen t o  
prevent  t h e  onse t  of s i n t e r s  and d e f l u i d i z a t i o n  ( 1 , 2 , 3 , 4 ) .  Under s u i t a b l e  o p e r a t i n g  
c o n d i t i o n s ,  ash  agglomera t ion  provides  a very e f f e c t i v e  means of ash  removal from a 
c o a l  g a s i f i e r  (5 ) .  

A d i s t i n g u i s h i n g  f e a t u r e  of a n  ash-agglomerating c o a l  g a s i f i e r  is a reg ion  
where t h e  tempera ture  of t h e  ash  p a r t i c l e s  is h igh  enough t o  make t h e  s u r f a c e s  
s t i c k y  so t h a t  when they  c o l l i d e  w i t h  each  o t h e r ,  they  adhere  t o  each  o t h e r  t o  
produce agglomera tes .  The r a t e  of t h e  format ion  of t h e s e  agglomera tes  depends upon 
s e v e r a l  f a c t o r s  such as t h e  oxidant  d i s t r i b u t i o n  w i t h i n  t h e  bed, t he  o v e r a l l  
f l u i d i z a t i o n  v e l o c i t y ,  and the  a sh  p r o p e r t i e s .  The oxidant  d i s t r i b u t i o n  p r i m a r i l y  
in f luence  the  format ion  of the  l o c a l i z e d  zone of h igh  tempera ture  w i t h i n  t h e  
f l u i d i z e d  bed, whereas t h e  v e l o c i t y  i n f l u e n c e s  the  rate of p a r t i c l e  c o l l i s i o n  as 
w e l l  a s  t h e  p a r t i c l e  en t ra inment  w i t h i n  t h i s  zone. Based on these  f a c t o r s ,  a 
mathematical  model f o r  agglomera t ion  has been developed t o  p r e d i c t  t h e  rate of 
agglomera t ion  i n  a f l u i d i z e d  bed c o n t a i n i n g  a c e n t r a l  j e t .  These r a t e s  are then  
compared wi th  those  ob ta ined  from t h e  a c t u a l  exper iments .  

EXPERIMENTAL APPARATUS AND PROCEDURE 

The appa ra tus  c o n s i s t s  of a 15.2-cm-ID g l a s s  f lu id ized-bed  column, a meta l  
s e c t i o n  pos i t i oned  benea th  the  g l a s s  column f o r  tempera ture  measurement end 
sampling, a gas  d i s t r i b u t o r ,  a j e t  and f l u i d i z i n g  a i r  hea t ing  sys tem,  tempera ture  
c o n t r o l l i n g  and tempera ture  measurement dev ices ,  and f low regu la t ion  and measurement 
systems (F igu re  1) .  I n  t h e  exper iment ,  t he  j e t  and t h e  f l u i d i z i n g  a i r  t empera tu res  
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were var ied  and t h e  tempera ture  d i s t r i b u t i o n  and t h e  agglomerat ion of t h e  p a r t i c l e s  
in the  bed were measured. Polye thylene  and p o l y o l e f i n  p a r t i c l e s  were used as bed 
m a t e r i a l .  Two types  of gas d i s t r i b u t o r s  were used: a f l a t  porous p l a t e  with a 
c e n t r a l  j e t  and a porous cone with a c e n t r a l  j e t .  

The jet gas  tempera ture  w a s  a d j u s t e d  t o  a va lue  above t h e  mel t ing  tempera ture  
of the  bed m a t e r i a l .  The f l u i d i z i n g  a i r  ( a u x i l i a r y  a i r )  t empera ture  was g e n e r a l l y  
maintained lower than  t h e  s o f t e n i n g  temperature  of t h e  bed m a t e r i a l  t o  avoid  s i n t e r  
formation on t h e  d i s t r i b u t o r .  

EXPERIMENTAL RESULTS 

Figure  2 shows t h e  e f f e c t  of j e t  t empera ture  on the  agglomera t ion  f o r  a f l a t  
porous d i s t r i b u t o r  wi th  h igh-dens i ty  polye thylene  bed m a t e r i a l .  The measure. of 
agglomerat ion is  t h e  weight  percentage  of p a r t i c l e s  g r e a t e r  than 850 ym, which 
increased  l i n e a r l y  w i t h  res idence  t ime a t  each temperature  l e v e l .  The percentage  of 
agglomerates  also i n c r e a s e d  l i n e a r l y  with t h e  f l u i d i z i n g  g a s  and bed tempera tures ;  
however, t h e  j e t  a i r  t empera ture  was found t o  have t h e  most s i g n i f i c a n t  e f f e c t  on 
t h e  agglomerat ion r a t e .  

Another impor tan t  f a c t o r  a f f e c t i n g  t h e  r a t e  of agglomera t ion  in f l u i d i z e d  beds 
is the  r a t e  of p a r t i c l e  en t ra inment  i n t o  t h e  high-temperature  j e t  reg ion .  The 
en t ra inment  r a t e  depends on t h e  s t r e s s  d i s t r i b u t i o n  among t h e  p a r t i c l e s  i n  t h e  
v i c i n i t y  of t h e  j e t  r e g i o n .  The d i r e c t i o n ,  magni tude,  and component of t h e  s t r e s s  
toward t h e  j e t  reg ion  depends on t h e  cone angle .  F igure  3 compares the  
agglomerat ion obta ined  w i t h  gas d i s t r i b u t o r s  having half-cone a n g l e s  of 30", 45 ' ,  
60". and 90" ( f l a t )  a f t e r  2 ,  4 ,  6 ,  and 8 hours  of s t e a d y - s t a t e  opera t ion .  The 
agglomerat ion i n c r e a s e d  as the  cone angle  decreased up t o  45'- However, ?hen the 
cone angle was decreased  t o  30", t h e  agglomerat ion was found t o  be l e s s  t h a n  t h a t  
wi th  cone angle  of 4 5 " .  This i m p l i e s  t h a t ,  a l though t h e  s t e e p e r  i n v e r t e d  cone 
d i r e c t e d  t h e  s t r e s s  on t h e  p a r t i c l e s  in t h e  cone s e c t i o n  more e f f e c t i v e l y  toward t h e  
j e t  zone, t h e  amount of p a r t i c l e s  i n  t h e  cone s e c t i o n  decreased  r e s u l t i n g  i n  lower 
en t ra inment  of the  p a r t i c l e s .  Because of t h i s  compet i t ive  e f f e c t ,  t h e r e  e x i s t s  an 
optimum cone angle  f o r  t h e  maximum r a t e  of agglomerat ion.  This  half-cone angle  is 
approximately 4 5 " .  
d i s t r i b u t i o n ,  shape and s u r f a c e  roughness of t h e  p a r t i c l e s ,  and the  je t  and t h e  
f l u i d f z i n g  a i r  v e l o c i t i e s .  

The optimum angle  can be a f u n c t i o n  of p a r t i c l e - s i z e  

The tempera ture  d i s t r i b u t i o n  i n s i d e  t h e  bed was p l o t t e d  us ing  tempera ture  
measurements a t  more than  50 l o c a t i o n s  i n s i d e  the f l u i d i z e d  bed. A t y p i c a l  
t empera ture  d i e t r i b u t i o n  p r o f i l e  in t h e  a r e a  near t h e  porous cone d i s t r i b u t o r  is 
i l l u s t r a t e d  in Figure  4 .  More d a t a  concern ing  o t h e r  o p e r a t i n g  c o n d i t i o n s  a r e  g iven  
elsewhere.  (6). 

DATA ANALYSIS 

I n  a f l u i d i z e d  bed opera ted  under agglomerat ing c o n d i t i o n s ,  t h e  r a t e  of 
agglomerat ion between p a r t i c l e s  of two d i f f e r e n t  s i z e s  is p r o p o r t i o n a l  t o  t h e  
product  of t h e i r  c o n c e n t r a t i o n s .  The p r o p o r t i o n a l i t y  cons tan t  is c a l l e d  t h e  
agglomerat ion r a t e  c o n s t a n t .  

TO d e f i n e  t h e  r a t e  of agglomerat ion,  we have adopted a d e f i n i t i o n  t h a t  is 
analogous t o  t h e  r a t e  of chemical r e a c t i o n .  In a chemical  r e a c t i o n ,  t h e  r a t e  of 
r e a c t i o n  is def ined  i n  terms of the  r a t e  of change in t h e  number of moles of a 
p a r t i c u l a r  component i n  t h e  r e a c t i n g  system due t o  i t s  r e a c t i o n .  I n  t h e  
agglomerat ion p r o c e s s ,  what is changed dur ing  t h e  process  is t h e  p a r t i c l e - s i z e  
d i s t r i b u t i o n .  T h e r e f o r e ,  i t  i s  a p p r o p r i a t e  t o  d e f i n e  t h e  r a t e  of agglomerat ion of 
p a r t i c l e s  of a p a r t i c u l a r  s i z e  a s  t h e  r a t e  of change i n  t h e  number of p a r t i c l e s  of 
t h a t  s i z e .  Due t o  t h e  d i f f i c u l t y  i n  measuring t h e  number of p a r t i c l e s  of a 
p a r t i c u l a r  s i z e  per u n i t  volume of t h e  f l u i d i z e d  bed, it has  been found convenient  
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t o  express  t h e  r a t e  of agglomera t ion  of t h e  p a r t i c l e s  in terms of i ts  r a t e  of change 
pe r  u n i t  mass of the  bed ma te r i a l .  

S ince  t h e  o v e r a l l  rate of agglomera t ion  is a measure of t h e  r a t e  of change in 
t h e  number of p a r t i c l e s  of va r ious  s i z e s ,  t he  p a r t i c l e  s i z e  is def ined  in a manner 
t h a t  is meaningful and f a c i l i t a t e s  the  numer ica l  computation i n  t h e  p a r t i c l e  
popula t ion  ba lance .  It is assumed t h a t  a l l  p a r t i c l e s  are made up of u n i t  p a r t i c l e s  
of mass mo and d iameter  do. This  assumption impl i e s  t h a t  p a r t i c l e  s i z e  is d i s c r e t e  
and each p a r t i c l e  has a mass equal  t o  an i n t e g e r  times t h e  mass of a u n i t  
p a r t i c l e .  
is c a l l e d  p a r t i c l e  s i z e  I. N(1) is def ined  as  the  number of p a r t i c l e s  of s i z e  I p e r  
u n i t  mass of bed m a t e r i a l  and is c a l l e d  t h e  mass number d e n s i t y  of p a r t i c l e s  of s i z e  
I. The rate of agglomera t ion  of p a r t i c l e s  of s i z e  I can be expressed  a s :  

The p a r t i c l e  whose mass is I times t h e  mass of a u n i t  p a r t i c l e  (I x no) 

R(1) P 

d t  

The va lue  of the  r a t e  of agglomera t ion  R(1) is dependent upon ope ra t ing  v a r i a b l e s ,  
i nc lud ing  t h e  tempera ture  d i s t r i b u t i o n  in the  bed, v e l o c i t y ,  and p a r t i c l e - s i z e  
d i s t r i b u t i o n .  

I f  w e  assume t h e  agglomera t ion  process  a s  i nvo lv ing  t h e  c o l l i s i o n  of a s i n g l e  
p a r t i c l e  of s i z e  I and a s i n g l e  p a r t i c l e  of s i z e  J, then  i t  is  reasonable  t o  assume 
t h a t  t he  gene ra t ion  r a t e  of agglomerates (I t J)  forming from p a r t i c l e s  of s i z e  I 
and p a r t i c l e s  of s i z e  J is propor t iona l  t o  the  c o l l i s i o n  frequency between t h e s e  
p a r t i c l e s .  As the  number of c o l l i s i o n s  between p a r t i c l e s  of any two p a r t i c u l a r  
s i z e s  is propor t iona l  t o  the  product of t h e i r  mass number d e n s i t i e s ,  t he  r a t e  of 
gene ra t ion  of agglomera tes  of s i z e  (I t J) from p a r t i c l e s  of  s i z e s  I and J is: 

Here, KI,J is t he  agglomera t ion  r a t e  cons t an t .  

P a r t i c l e  Popula t ion  Balance f o r  Batch Process .  In t h e  popu la t ion  ba lance  of 
t h e  p a r t i c l e s  of a p a r t i c u l a r  s i z e  I ,  a l l  the  p o s s i b l e  combinations l e a d i n g  to  t h e  
format ion  o r  consumption of s i z e  I p a r t i c l e s  are t o  be cons idered  s i n c e  p a r t i c l e s  of 
s i z e  I combines wi th  o t h e r  p a r t i c l e s  t o  form agglomera tes  of l a r g e r  s i z e s ;  on t h e  
o the r  hand, sma l l e r  p a r t i c l e s  may s t i c k  toge the r  and form agglomera tes  of s i z e  I. 
Using Equat ion  1, t he  rate of genera t ion  of agglomera tes  of s i z e  I from s m a l l e r  
p a r t i c l e s  is: 

S i m i l a r l y ,  t h e  r a t e  of consumption of p a r t i c l e s  of s i z e  I due to  agglomera t ion  is: 

where L i s  t h e  s i z e  of t h e  l a r g e s t  p a r t i c l e s  t h a t  e x i s t  in t h e  bed. The popu la t ion  
ba lance  f o r  p a r t i c l e s  of s i z e  I in batch  process  can thus  be w r i t t e n  a s :  

Computation of Agglomeration Rate Cons tan t .  For t h e  computation of t h e  
agglomera t ion  r a t e  cons t an t  from the  d a t a ,  i t  i s  f i r s t  expressed  in terms of the 
ope ra t ing  v a r i a b l e s  and p a r t i c l e  s i z e s .  This  approach f a c i l i t a t e s  in so lv ing  the  
r a t e  cons t an t  i n t e g r a l  equa t ions .  The agglomera t ion  rate cons t an t  KI,J can  be 

178 



represented  by t h e  product  of two f u n c t i o n s ;  t h e  f i r s t  f u n c t i o n ,  kop, is dependent  
upon t h e  o p e r a t i n g  c o n d i t i o n s ,  and t h e  o t h e r ,  k ( d I , d J ) ,  is s ize-dependent ,  as :  

It i s  d i f f i c u l t  t o  o b t a i n  a n  e x p r e s s i o n  f o r  k(dI ,dJ )  from a t h e o r e t i c a l  s t a n d p o i n t .  
Based on t h e  behavior  of p a r t i c l e s ,  one r e s t r i c t i o n  t h a t  can  be imposed on the  
f u n c t i o n a l  form of k(dI ,dJ )  is t h a t  i t  should be symmetric with r e s p e c t  to dI and 
dJ. 
exper imenta l  d a t a .  

The u l t i m a t e  f u n c t i o n a l  form of k(dI ,dJ )  must be determined wi th  t h e  a i d  of 

Even w i t h  t h e  assumptions of Equat ion 4,  t h e r e  a r e  s t i l l  too  many p o s s i b l e  
combinat ions of ko and k(dI ,d  
t e s t i n g  procedure fs needed. 
Equat ion 3,  f o r  a s p e c i f i c  o p e r a t i n g  c o n d i t i o n ,  i s  rear ranged  as f o l l o w s :  

I L 

1 1 

t o  be t e s t e d ,  and f u r t h e r  s i m p l i f i c a t i o n  of t h e  40 achieve  t h i s ,  t h e  p a r t i c l e  popula t ion  balance 

k = [MN(I) /Mt l / [ i  6 k(d,_,,d,)N(J)N(I-J)dJ - 6 k(dI ,dJ )N(I )N(J)dJ l  5 )  
OP 

Thus, if t h e  c o r r e c t  f u n c t i o n a l  form of k(dI ,dJ )  i s  used i n  Equat ion 5 ,  the 
c a l c u l a t e d  k should  have the  same value f o r  a l l  of t h e  p a r t i c l e  s i z e s  under 
s p e c i f i c  opeygt ing  c o n d i t i o n s .  
k(dI ,dJ) .  To f i n d  t h e  c o r r e c t  f u n c t i o n a l  form of k(d  , d J ) ,  s e v e r a l  symmetric 
func t ions  wi th  r e s p e c t  t o  d and dJ were s u b s t i t u t e d  i n t o  Equat ion 5. 
showed t h a t  t h e  f u n c t i o n a l  form of 

This  provides  a means t o  t e s t  t h e  f u n c t i o n a l  form of 

Our s t u d i e s  

r e s u l t s  i n  a n e a r l y  c o n s t a n t  value of k over  the whole p a r t i c l e  s i z e  range a t  
s p e c i f i c  o p e r a t i n g  c o n d i t i o n s .  Therefo%, K I , J  can be expressed  as :  

The e:?perimental d a t a  was used t o  c a l c u l a t e  MN(I)/Mt; then the  agglomerat ion r a t e  
cons tan t  k These values a t  d i f f e r e n t  j e t  
temperaturzg a r e  shown i n  Table  1. 

w a s  c a l c u l a t e d  us ing  Equat ions 5 and 6 .  

Table 1.  THE CALCULATED VALUES OF k BY 
PARTICLE POPULATION BALANCE USING E X P E R I ~ ~ T A L  DATA 

J e t  Temp, 'C 144.4 143.3 142.8 142.2 -___ -__ 

1.78 x 10-9 1.20 x 10-9 0.9 x 10-9 0.45 x koP 

The value of k 
(Table 1 and F&re 2). 

AGGLOMERATION MODEL 

i n c r e a s e s  s i g n i f i c a n t l y  with a s l i g h t  i n c r e a s e  i n  j e t  temperature  

As t h e  hot  j e t  g a s  stream i s  fed  i n t o  t h e  f l u i d i z e d  bed through t h e  nozzle  a t  a 
temperature  s u b s t a n t i a l l y  h i g h e r  than the  f l u i d i z i n g  gas tempera ture ,  a hot j e t  zone 
i n  the c e n t r a l  p o r t i o n  of t h e  bed is  c r e a t e d .  The c o n c e n t r a t i o n  of s o l i d s  i n  t h e  
j e t  zone i s  much lower t h a n  the  s o l i d s  c o n c e n t r a t i o n  i n  the  bulk of t h e  bed. The 
s o l i d  p a r t i c l e s  e n t e r  t h e  j e t  zone and exchange heat with t h e  h o t  j e t  gas.  
temperature  of the  p a r t i c l e s  i n  the j e t  zone i n c r e a s e s ;  f o r  some p a r t i c l e s ,  t h i s  

The 
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r e s u l t s  i n  p a r t i a l  me l t ing .  Upon t h e  c o l l i s i o n  of two s t i c k y  p a r t i c l e s ,  
agglomera t ion  may occur.  Whether agglomera t ion  t a k e s  p l a c e  o r  no t  depends on 
s e v e r a l  p a r t i c l e  c h a r a c t e r i s t i c s ,  i nc lud ing  the  r e l a t i v e  v e l o c i t y  of t h e  c o l l i d i n g  
p a r t i c l e s ,  t he  th i ckness  of t he  molten l a y e r ,  and the  v i s c o s i t y  of t he  molten 
material. 

In t he  a r e a  near  t h e  j e t ,  the p a r t i c l e s  a r e  assumed t o  t r a v e l  h o r i z o n t a l l y  as  
they  a r e  en t r a ined  i n t o  the  j e t  u n t i l  they  reach  the  j e t  boundary where p a r t i c l e s  
e n t e r  i n t o  the  j e t  zone and t r a v e l  upward and f i n a l l y  e x i t  from t h e  t o p  of t h e  j e t .  

The en t ra inment  of gas  i n t o  a f r e e  j e t  has  been g iven  by Ricou and Spa ld ing  ( 7 )  
as:  

where - 

Mgo = mass flow rate of i n i t i a l  j e t  g a s ,  kg/h 

Mg = mass flow rate of i n i t i a l  and e n t r a i n e d  gas ,  kg/h 

x = d i s t a n c e  from nozz le  e x i t ,  m 

dn = nozzle  d i ame te r ,  m 

pgi = d e n s i t y  of e n t r a i n e d  gas ,  kg/m3 

pgo = d e n s i t y  of gas  e x i t i n g  nozz le ,  kg/m3 

s t ream.  However, t h i s  e f f e c t  was found t o  be n e g l i g i b l e  for  t h e  p a r t i c l e - s i z e  range 
(mean p a r t i c l e  d iameter  = 350 urn) used  in t h i s  s tudy  (8). 
en t r a ined  near the  j e t  by the  e n t r a i n e d  gas ;  then they  change d i r e c t i o n  and move 
upward due t o  momentum exchange wi th  t h e  j e t  gas.  
en t r a ined  t o  the  j e t  is  n e g l i g i b l e  in comparison wi th  the  j e t  gas  f low r a t e .  
However, t h e  rate of gas  en t ra inment  has  been used t o  e s t ima te  t h e  p a r t i c l e  
en t ra inment  i n t o  t h e  j e t .  As t he  p a r t i c l e s  e n t e r  i n t o  t h e  j e t ,  they  travel upward 
due t o  t h e  j e t  gas  momentum. The fo l lowing  momentum ba lance  was used t o  c a l c u l a t e  
the  p a r t i c l e  v e l o c i t y  in t he  j e t  zone. 

The presence  of p a r t i c l e s  may a f f e c t  t h e  en t ra inment  of gas  into the  j e t  

The p a r t i c l e s  a r e  

In t h i s  s tudy ,  t he  flow of g a s  

where x = o d e f i n e s  the  l o c a t i o n  where the  p a r t i c l e s  e n t e r  t he  j e t  zone. v and v 
a r e  p a r t i c l e  and gas  v e l o c i t i e s ,  r e s p e c t i v e l y ,  eP is t h e  p a r t i c l e s  vo id  f r a g t i o n ,  
and CD is t he  d rag  c o e f f i c i e n t .  

With the  assumption t h a t  hea t  t r a n s f e r  t o  a p a r t i c l e  is v i a  hea t  exchange wi th  
i ts  sur rounding  gas  stream, t h e  hea t  ba lance  on a s i n g l e  p a r t i c l e  in t h e  r eg ion  near  
and in t h e  j e t  is expressed  a s :  

where a is t h e  p a r t i c l e  thermal  d i f f u s i v i t y .  

a t t = O , T  = T  
P B  

where TB i s  the  bed tempera ture  
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aT 
a t  r = 0, -2 = o ar 

and 
aT h(Tv - T ) near  the  j e t  

h(T, - T ) a t  t h e  j e t  zone 
at r = R, K~ -+= ( P 

P 

12) 

where KS i s  t h e  thermal  conduc t iv i ty  of p a r t i c l e s ,  T 
t h e  tempera ture  i n  t h e  r eg ion  near  t h e  j e t .  (Both tempera tures  a r e  measured 
exper imenta l ly . )  The hea t  t r a n s f e r  c o e f f i c i e n t  h is computed us ing  the  fo l lowing  
expres s ion  ( 9 ) :  

is j e t  t empera ture ,  and Tv is 3 

hd d p ( V  - v ) 1/2 c IJ 1 / 3  -2 = 2.0 + 0.6 ( a v '  1 (+-% 13) 
g g g 

where k is t h e  gas  the rma l  conduc t iv i ty ,  v is  t h e  gas  s t r e a m  v e l o c i t y ,  v is t h e  

P p a r t i c l g  v e l o c i t y ,  d is t h e  d iameter  of thg  p a r t i c l e ,  pg is gas viscosity! and c 
is the s p e c i f i c  heat! 

Using t h e  above h e a t  and momentum equa t ions ,  t he  tempera ture  of a s i n g l e  
p a r t i c l e  Tp a t  any l o c a t i o n  near  and i n  t h e  j e t  can be c a l c u l a t e d .  

mel t ing  t empera tu re ,  t h e  o u t e r  l a y e r  of t h e  p a r t i c l e s  i e l t ,  and the  p a r t i c l e s  may 
agglomerate upon c o l l i s i o n .  For each  c o l l i s i o n ,  there is only a f i n i t e  p r o b a b i l i t y  
of P* l e a d i n g  t o  s u c c e s s f u l  agglomeration. 

The p r o b a b i l i t y  P* is t h e  f r a c t i o n  of a l l  t h e  c o l l i s i o n s ,  which meet the  fo l lowing  
agglomera t ion  c r i t e r i a :  

I f  t h e  c a l c u l a t e d  tempera ture  of t he  p a r t i c l e s ,  T , i n  t h e  j e t  zone reaches  t h e  

R e l a t i v e  K i n e t i c  Energy P o t e n t i a l  f o r  D i s s i p a t i o n  of the  
of C o l l i d i n g  P a r t i c l e s  < K i n e t i c  Energy due t o  Agglomeration 14)  

The r e l a t i v e  k i n e t i c  energy  of two c o l l i d i n g  p a r t i c l e s  may be c a l c u l a t e d  from 
t h e i r  v e l o c i t i e s  as - 

1 m l  m2 2 
F I T  (Vl - v2) 

where m and m 
r e spec t ive ly .  ?See t h e  Appendix.) 
energy d i s s i p a t i o n ,  t h e  th i ckness  of t he  molten l a y e r  ( i . e . ,  t h e  l a y e r  with 
tempera ture  h i g h e r  t han  me l t ing  p o i n t )  is denoted as 6 and may be c a l c u l a t e d  from 
t h e  tempera ture  d i s t r i b u t i o n  i n s i d e  a p a r t i c l e  a t  any l o c a t i o n  i n  t h e  j e t .  We may 
wr i t e :  

a r e  t h e  masses of two p a r t i c l e s  w i th  v e l o c i t i e s  v1 and v2 ,  
To c a l c u l a t e  t h e  p o t e n t i a l  of two p a r t i c l e s  f o r  

61 + 62 2 
P o t e n t i a l  f o r  Energy D i s s i p a t i o n  = 3HIJe  I V I  - v2 I (y-) 15) 

where IJ 
molten f a y e r s  on t h e  s u r f a c e  of t h e  two p a r t i c l e s .  [See t h e  Appendix.) 
c r i t e r i o n  f o r  agglomera t ion  thus  becomes: 

is t h e  v i s c o s i t y  of t h e  molten l a y e r  and 6 and 62 a r e  the  th i cknesses  of 
The 
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Agglomeration Kine t i=  I n  our  agglomera t ion  model, a l l  p a r t i c l e s  a r e  assumed 
t o  be s p h e r i c a l  and have t h e  same dens i ty .  Agglomerates a r e  formed by t h e  c o l l i s i o n  
of a p a i r  of s t i c k y  p a r t i c l e s .  The volume number d e n s i t y  n ( I ) ,  is d e f i n e d  a s  t h e  
number of s i z e  I p a r t i c l e s  per  u n i t  volume. The c o l l i s i o n  f requency  between two 
p a r t i c l e s  of s i z e s  I and J is propor t iona l  t o  t h e i r  volume number d e n s i t i e s  and may 
be w r i t t e n  as: 

17) Between P a r t i c l e  S i z e s  I and 

Frequency of C o l l i s i o n  

where E is t h e  c o l l i s i o n  f requency  c o n s t a n t .  The agglomera t ion  r a t e  between s i z e  I 
p a r t i c l e s  and s i z e  J p a r t i c l e s  is expressed  a s :  

R I ,J = P*61,Jn(I) n ( J )  18) 

The volume number d e n s i t i e s  n(1)  and n ( J )  may be expressed  as: 

n(1) = EI N(1) 19) 

n ( J )  = EJ N(J) 2 0 )  

where EI and EJ a r e  the  c o e f f i c i e n t s  of en t ra inment  of p a r t i c l e  s i z e s  I and J i n t o  
the  j e t .  I t  is assumed t h a t  t h e  s i z e  d i s t r i b u t i o n  of p a r t i c l e s  i n  t h e  j e t  d i l u t e  
phase remains the  same a s  t h a t  i n  the  f l u i d i z e d  bed. The re fo re ,  t he  c o e f f i c i e n t s  of 
en t ra inment  f o r  a l l  p a r t i c l e  s i z e s  i n t o  the  j e t  should  be equa l ,  a s :  

E I = E J = E  21) 

The agglomera t ion  r a t e  RI,J may be w r i t t e n  a s :  

R = P* 61,J E‘ N(I)N(J) 2 2 )  
1 ,J 

Comparing Equat ion  22  w i t h  Equat ion  2 ,  t h e  agglomera t ion  r a t e  cons t an t  may be 
w r i t t e n  as: 

* 2 
‘I,.J = ’1,J E 23)  

As prev ious ly  mentioned, can be r ep resen ted  by a m u l t i p l e  of two func t ions ;  one 
dependent on  ope ra t ing  cozii:ions and the  o t h e r  on s i z e :  

The va lue  of c o l l i s i o n  f requency  cons t an t  6 depends on t h e  s i z e  of t h e  c o l l i d i n g  
p a r t i c l e s .  If 6 dependency on p a r t i c l e  s i z e  can be expres sed  wi th  t h e  same f u n c t i o n  
a s  t h a t  f o r  the agglomera t ion  r a t e  c o n s t a n t ,  

and we may then wr i t e :  
* 2  

k = P  6’E 
OP 
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The p r o b a b i l i t y  P* in Equat ion  26 is  t h e  f r a c t i o n  of a l l  t h e  c o l l i s i o n s  t h a t  meet 
t h e  agglomerat ion c r i t e r i a  i n  Equat ion 14. This  p r o b a b i l i t y  is  c a l c u l a t e d  by 
d e f i n i n g  F, a s  follows: 

1 i f  two particles of s i z e  I and J meet t h e  agglomera t ion  c r i t e r i a  

0 i f  two particles of s i z e  I and J do not  meet t h e  agglomerat ion c r i t e r i a  
€ =  

The value of P* is  c a l c u l a t e d  a s  the number of c o l l i s i o n s  for which 5 = 1 div ided  by 
t h e  t o t a l  number of  c o l l i s i o n s .  

8.E' depends mainly on t h e  gas  and s o l i d  f low behavior  i n  t h e  f l u i d i z e d  bed. 
Our s t u d i e s  i n d i c a t e  t h a t ,  f o r  t h e  runs with t h e  same je t  nozz le  d iameter  and j e t  
a i r  v e l o c i t y  and approximate ly  t h e  same p a r t i c l e - s i z e  d i s t r i b u t i o n ,  8%' has 
approximately t h e  same va lue .  

R e s u l t s  and Discuss ion .  The va lues  of ko were c a l c u l a t e d  f o r  d i f f e r e n t  j e t  
and f l u i d i z i n g  a i r  tempera tures  a t  cons tan t  j e ?  nozzle  d i a m e t e r ,  j e t  and L l u i d i z i n g  
a i r  v e l o c i t i e s ,  and feed  p a r t i c l e - s i z e  d i s t r i b u t i o n  u s i n g  Equat ion 26 w i t h  t h e  v a l u e  
of 8-E' s e t  equal  t o  1.35 x lo-'. 
of ko 
f o r  tRe run conducted a t  t h e  j e t  a i r  t empera ture  of 144.4"C and f l u i d i z i n g  a i r  
temperature  of 115.7°C. The va lues  of k c a l c u l a t e d  f o r  o t h e r  j e t  t empera tures  a r e  
shown i n  Table  2 which a g r e e  wel l  with tgg va lues  from t h e  exper imenta l  d a t a .  
p r e d i c t e d  va lues  of  k 
cons tan t  j e t  temperat:!e compare reasonably w e l l  with t h e  exper imenta l  va lues  (Table  

This value of 8'E2 was chosen so t h a t  t h e  v a l u e  
eva lua ted  from e x p e r i m e n t a l  d a t a  agreed w i t h  t h a t  c a l c u l a t e d  from t h e  model, 

The 
f o r  d i f f e r e n t  f l u i d i z i n g  a i r  t empera tures  whi le  main ta in ing  

3) .  

Ta'"io 2 .  -..- -" ------- ......- - i n o  r tau i l r iw  VALUED OF ic ni DiFFERERT >ET TiGnPERATiikES 
AND A F L U I D I Z I N G  A I R  TE8ERATURE OF 115.7"C 

J e t  Temp, 'C- 144.4 143.3 142.8 142.2 

kop From Model 1.78 X lo-' 1.20 X IO-' 0.89 X lo-' 0.63 X lo-' 

From 
kg&pe rimen t 1.78 x 10-9 1.20 x 10-9 0.90 x 0.45 x 10-9 

Table  3. THE PREDICTED VALUES OF ko AT DIFFERENT FLUIDIZING 
AIR TEMPERATURES AND A JET T E M ~ R A T U R E  OF 144.4"C 

F l u i d i z i n g  A i r  
Temp, OC- _____ 115.7 104.6 93.5 - 82.3 - 

kop From Model 1.78 X IO-' 1.15 X lo-' 0.68 X 0.54 X IO-' 

kop From 
Experiment 1.78 x 10-9 

REFERENCES -- 
I .  Arastoopour ,  H . ,  Huang, C. S 

P a r t i c l e s , "  J o u r n a l  of F i n e  

I 

1.05 x 0.84 x 0.66 x 10-9 

l 
and W e i l ,  S. A.,  " F l u i d i z a t i o n  Behavior of S t i c k y  

! r t i c l e  S o c i e t y  (1986). 

2 .  Arastoopour ,  H., Gu, A. Z .  and Weil ,  S. A., "The E f f e c t  of Gas D i s t r i b u t o r s  on 
t h e  Agglomeration P r o c e s s  i n  F l u i d i z e d  Beds," i n  t h e  Proceeding! of t h e  4 t h  
I n t e r n a t i o n a l  Symposium on Agglomerat ion,  443-450, 1985. 

183 I 



3. 

4.  

5. 

6. 

7. 

8. 

9. 

Arastoopour ,  H . ,  W e i l ,  S. A. ,  Huang, C. S. and Gu, A. Z., "A Fundamental Study 
i n  Support of t h e  Understanding of t h e  Agglomeration of Coal i n  Coal  
G a s i f i e r s , "  i n  t h e  Proceedings of t h e  20th I n t e r s o c i e t y  Energy Conversion 
Engineer ing Conference,  Vol. 1, 1625-1630, 1985. 

Gluckman, M. J.. Yerushalmi,  J. and S q u i r e ,  A. M . ,  " D e f l u i d i z a t i o n  Charac te r -  
i s t i c s  of S t icky  o r  Agglomerating Beds," F l u i d i z a t i o n  Technology, K e a i r n s ,  D . ,  
Ed., 1, 395 (1976).  

Vora, M. K., Sandstrom, W. A. and Rehmat, A. G . ,  "Ash Agglomeration i n  t h e  
F l u i d i z e d  Bed." Paper presented  a t  t h e  S i x t h  N a t i o n a l  Conference on Energy and 
t h e  Environment, P i t t s b u r g h ,  May 21-24, 1979. 

H a r i r i ,  H., Rehmat, A. and Arastoopour ,  H . ,  "Temperature D i s t r i b u t i o n  i n  a 
F l u i d i z e d  Bed With a C e n t r a l  J e t . "  Paper presented  a t  t h e  A.1.Ch.E. Annual 
Meeting, New York, November 15-20, 1987. 

Ricou, F. P. and Spald ing ,  D.  B. ,  "Measurement of Entrainment  by Axisymmetr ical  
Turbulen t  J e t s , "  J o u r n a l  of F l u i d  Mechanics 11, 21-32 (1961). 

T a t t e r s o n ,  D. C. ,  Marker, T. L. and Forgac,  J .  M., " P a r t i c l e  E f f e c t s  on F r e e  
J e t  Entrainment ,"  The Canadian J o u r n a l  of Chemical Engineer ing ,  =:361-365 
(1987). 

Bird,  R. B., S t e w a r t ,  W. E.  and L i g h t f o o t ,  E. N . ,  T ranspor t  Phenomena. New 
York: John Wiley h Sons,  1960. 

APPENDIX 

R e l a t i v e  K i n e t i c  Energy of C o l l i d i n g  P a r t i c l e s  

The compression a c t i o n  between t h e  two c o l l i n e a r - c o l l i d i n g  p a r t i c l e s  w i l l  keep 
on u n t i l  t h e  r e l a t i v e  v e l o c i t y  between t h e s e  two p a r t i c l e s  is zero.  A t  t h i s  p o i n t ,  
t h e  deformation is  a t  t h e  maximum, a s  is  t h e  c o n t a c t  a r e a  between t h e  two 
p a r t i c l e s .  However, t h e  sum of the  k i n e t i c  e n e r g i e s  of t h e  two p a r t i c l e s  reaches  a 
minimum. T h i s  can be proved us ing  t h e  momentum ba lances  f o r  t h e  c o l l i n e a r - c o l l i d i n g  
p a r t i c l e s .  The d i f f e r e n c e  between t h e  sum of t h e  k i n e t i c  e n e r g i e s  of t h e  two 
p a r t i c l e s  before  c o l l i s i o n  and t h a t  of t h e  two p a r t i c l e s  a t  maximum deformat ion  can 
be der ived  us ing  the  fo l lowing  assumptions.  Assume t h a t  t h e  v e l o c i t i e s  of two 
p a r t i c l e s  before  c o l l i s i o n  w i t h  mas8 m l  and m2 a r e  v1 and v2, r e s p e c t i v e l y .  
v2 a r e  c o l l i n e a r . )  
have t h e  same v e l o c i t y ,  v ' .  The momentum balance may be w r i t t e n  as: 

( v l  and 
I f  t h e  maximum deformat ion  i s  achieved ,  t h e s e  two p a r t i c l e s  w i l l  

m l  v l  + m2 v2 = ( m l  + m2) v '  

The d i f f e r e n c e  of t h e  k i n e t i c  e n e r g i e s  i n  t h e s e  two s t a t e s  is:  

P o t e n t i a l  For  Energy D i s s i p a t i o n  i n  P a r t i c l e s  

The p o t e n t i a l  d i s s i p a t i o n  c a p a b i l i t y  is  a s s o c i a t e d  w i t h  the  v iscous  d i s s i p a t i o n  
of molten m a t e r i a l  on t h e  s u r f a c e s  of t h e  c o l l i d i n g  p a r t i c l e s .  The molten m a t e r i a l  
is  caused t o  flow r e l a t i v e  t o  t h e  s u r f a c e  mainly by t h e  sudden p a r t i c l e  v e l o c i t y  
change and t h e  compression a c t i o n  between p a r t i c l e s  d u r i n g  c o l l i s i o n  and, t o  a much 
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smal le r  degree ,  by t h e  ac t io f l  of s u r f a c e  t ens ion .  
t he  molten l a y e r  is approximated by t he  v i scous  f l u i d  ( t h e  c reep ing  f low)  over t h e  
s p h e r i c a l  p a r t i c l e s .  Thus ,  t h e  drag  f o r c e  exe r t ed  on t h e  p a r t i c l e s  is c a l c u l a t e d  
from the  fo l lowing  e q u a t i o n s  (9). 

A s  a f i r s t  e s t i m a t e ,  t he  flow Of 

where Fn and Ft are t h e  summations of t h e  p r o j e c t i o n s  of normal and t a n g e n t i a l  
fo rces  e x e r t i n g  on hard-core s u r f a c e  in t h e  d i r e c t i o n  oppos i t e  t o  t h e  p a r t i c l e  f low 
d i r e c t i o n .  V is the  c h a r a c t e r i s t i c  v e l o c i t y  of t he  mel ted  l a y e r  r e l a t i v e  t o  the  
p a r t i c l e  hard co re .  p L  is t h e  v i s c o s i t y  of t he  melted m a t e r i a l .  

I f  the  th i cknesses  of t h e  melted l a y e r s  a r e  61 and €5, r e s p e c t i v e l y ,  t he  energy 
d i s s i p a t e d  due t o  v i scous  f low can be approximated as t h e  product  of f o r c e  e x e r t e d  
on t h e  p a r t i c l e  hard  c o r e  and t h e  r e l a t i v e  d i s t a n c e  t r a v e l e d  between them. 

61 + 62 2 
P o t e n t i a l  D i s s ipa t ion  C a p a b i l i t y  = (Fn + Ft)  x (61 + 6,) = 6ap v (----I 9. 2 

It is f u r t h e r  assumed t h a t  v is equa l  t o  t h e  ha l f  of t h e  r e l a t i v e  v e l o c i t y  I vl - v2 1 beEore p a r t i c l e  c o l l i s i o n ;  t hus :  

P o t e n t i a l  D i s s ipa t ion  C a p a b i l i t y  = 3 n p Q  I v l  - vp 
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F i g u r e  1. SCHEMATIC DIAGRAM OF THE EXPERIMENTAL SETUP 
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